8

INJURY BIOMECHANICS RESEARCH
Proceedingy of the Neenty Seventh Tnternutional Workshop

Compressive Mechanics of the Developing Spine

2. J. Nucklev, ). W. Carter,
M. P. Eck. 5. K. Mirza, R. P. Ching

ABSTRACT

This study examined the effect of spinal development (developmental age) and gender on the
compressive mechanics of the spine.  Specifically. isolated thoracic vertebrae (level TV were
subjected to compressive loading to docwment their compressive mechanical properties (failure load,
stiffness, vield strength, and elastic meduins).  Codmveric-baboon vertebrae were used due to. the
limited availability of human tixsues in the pediatric age range.  The speciman ages ranged from
between 2 to 29 human-eguivalent years.  Statistically significant correlation way found between
developmental age and each of the measured mechanical properties suggesting that scaling
relationships. may exist between the adult and the child spine. When considering gender, hoth the
vertehral cross-sectional area and fiailure load were significantly different botween males and females
by age. This is an initfal study quantifiing the spinal mechantes throughout development and serves
o enhance onr confidence fnoour model gz well as emcowvage o plethora of swhseguent
exXprerimentation,

INTRODUCTION

he effiects of nutural sging on the mechanics of the spine are far better understood for the mature

adult spine than for the developing (immature) spine.  The developing spine undergoes enormous
change from birth until skeletal maturity that should strongly influence its bionechanical response o
exteérnal forces; however, very little data exist for the mechanics of the immature spine. Therefore, the
primary goal of this study was 1o explore the relationship between mechanics and spinal development,
by documenting and correlating the compressive mechanical properties of isolated thoracic vertebrae
across a range of apges from young pedistric to adull,  Secondurily, the elfect of gender on the
mechanics of the developing spine was examined. Given the limited supply of human pedintric Hssues,
cadaveric baboon (Papio anubiy) spines were selecteéd for lesting based on their similarity with human
comparative and functional anatomy (Tominaga. 1993), The specilic hypotheses tested hy this study
were, (1) Vertebral compressive mechanical properties (failure load, stiffness, vield strength, and
elastic modulus) are correlated w developmental age: and (i) Verebml compressive mechanical
properties vary by gender in the developing spine.
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METHODS

Twenty, fresh cadaver baboon spines (harvested at autopsy) were obtained through the
Washingion Regional Primate Research Center, These specimens were euthanized for an unvelated
research project (vascular grafis) that was short-tenm (6-8 weeks) having negligible effect on bone
quality, OF the 20 spines collected, nine were females and eleven were males. In order to relate our
findings to human development, a human-equivalent nge was established for each specimen based on
a 2.9:| baboon-to-human age ratio (Swindler, 1973; Tominaga, 1995). This resulted in an overall
sample age range of 2 to 29 in human-equivalent years.

Specimen Preparation

The minth thoracic veriebral body (T9) was dissected from each spine and all of the
intervertebral dise material was removed while preserving the vertebral endplates (growth plates for
younger specimens) and approximately S-mm of the pedicle. The intact {nominal) eross-sectional area
of each vertebral body was determined by performing digital mage analysis (NTH Tmage, NIH,
Bethesda, MD) on scanned (ransverse-plane radiographs of the isolated specimens. The average mtacl
height of cach specimen wis obtained through direct caliper measurements. [n preparation for testing,
cach T9 vertebral body was embedded in approximately [-mm deep in dental plaster (Labstone Buff,
Bayer Corp., South Bend, IN) on its superior and inferior surfuces, This potting procedure helped to
secure the specimen within the loading appamtus while providing an even load distribution to the
vertebral endplate surfaces (Yerby, 1998) (FIG. 1).

FIG. 1, Photagraphs of the Experimental Setup and Specimens, (A)
illustrotes a specimen in the MTS pror o |uud||:|g: with i load cell
placed mmder 1 o measuare (he Toree, (B) shows thres @es specimens
pf nge 3, 9, and | 2-years in the potting cups before loading,

Experimental Procedure

The specimens were tested in axial compression using o servohydraolic MTS test frame
(Maodel 858 Biomy, MTS Corp., Eden Prurie, MN) (FIG. 1A), The loading protocol included Ave
preconditioning cycles up to 100-N in compression followed by compressive loading o Galure, The
compression testing was performed in displacement control at o mte of |-mm/sec. Both the load and
displacement across the vertebral body were recorded during each test af a sampling rate of 200-Ha.

Daia Analysis

Both the failure load and stiffness were determined directly from the measured load-
displacement data. To compute the compressive yield strength and elastic modulus for each vertebral
body, the load-displacement dats were converted into a stress-strain relotionship based on each
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specimen's original (intact) cross-sectional area and height. The failure load and yield strength were
then established using n 2-percent offset method (based on the original specimen height) from the
load-displacement and stress-strain relationships respectively.  Stiffness and elastic modulus were
computed ns the slope of the linear portion of the load-displacement and stress-straim curves, Each of
these mechanical properties, were then tested for correlation with developmental age, both with and
without gender separation, using o standard statistical snalysis program {(StatView, Abacus Concepts,
Berkeley, CA).

RESULTS

Failure load, stiffness. yield strength, and elastic modulus were all found to be significantly
correlated to age (p < 0.01), OF these, stiffness (r= 0,752, p < 0.001) and failure load (r = 0.722, p <
0,001 ) had the strongest correlation with age. When compensating for vertebral geometry (i.e., stress-
strain versus load-chsplacement) a weaker yet still sigmificant relationship with age was found for vield
strength (r=0.571, p = 0.007) and modulus (r = 0,605, p = 0.004),

1000 = oy = 139.9% ¢ 0784 o 000 =266 - 12888
R*2 = 0538 R*2=0.655

3500 3500 -

m o m =
i 2500 < 2500
g :
= 2000 | 2000 |
g g
2 1500 L il L R O f(x)=955'% +341.6
e " : i RA2 = 0,841

1000 £ 1000

500 - rl Malezs = Famales 500 O Males & Females

n 1 [ L 1 i ] u | 1 1 L i J
0 5 10 15 20 25 30 @ S0 100 150 200 250 300 350
Age (Human-Equivalent Years) Cross-Sectional Area (mm*2)
A B

FIG. 2. Graphical representations of the relationships between (A) failure lond and age, and [(B) failure lood
and gross-sectional prea, by gender, resulis. The gomed

Separating by gender demonstrated mixed ation between failure load and age for males (r =
0.799, p = 0.002) and females (r = 0.866, p = 0.001) improved (FIG. 2A). However, the correlation
for the other mechanical properties decrensed. For stiffiness, males showed o significant correlation (r
= 0.721, p = 0.01) with age, while the females did nol.  Conversely for yield strength compared
throughout development, females exhibited significant correlation (r = 0.732, p = 0.02) while the
correlution for males was not significant. Neither gender demonstrated correlation with age for elastic
miodulus.
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Table |: Correlation OFf Mechanical Properties With Developmental Age, [N=20]

Proparty R R
Fallure {¥ield) Losd T22 f-rs
Stiffness 162 - N 5a8
Yiald Strengih B 71 T 26
-E:amlc Modulus = N BO6 . 358

Additional post-hoc analyses revealed strong gender-related differences in vertebral body
cross-sectional area by age. This gender-related difference in vertebral cross-sectional area with nge
was made evident when failure load was correlated with cross-sectional nrea (F1G, 2B).

DISCUSSION

In this study, the compressive mechanical properties of isolated vertebral bodies were measured
and correlated with age. In addition to providing age-relaled dota for the developing spine, the lindings
sugpgest that regsonable scaling relationships may exist between the adult and the child spine. Whether
{hese relationships are best made based upon anatomical size or age remains o be determined, as our
dnta suggests that the variation in vertebral mechanics with age is due w both verebral size and
materinl properties. Weaker correlation coefficients for both strength and modulus (versus falure load
and stiffness) indicate that differences in specimen size may outweigh differences in the mherent
structural properties as a function of age. When considering gender, both the vertebral cross-sectional
area und failure load were significantly different between males and females by ape.  Specimen

weometry (size) alone, however, cannot explain the gender-related difference in failure load as scen in
FlG. 18,

CONCLUSIONS

Additional studies will be required to relate baboon mechanical properties to the human
Nonetheless, this study provides a foundational perspective of the age-related mechanics associated
with the developing spine.
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